Emerging GaN power switches show advantages for integration in power modules at high temperature and/or high efficiency. These modules are good candidates for embedded power converters in harsh environment such as three phase inverters for Electro-Mechanical Actuators (EMA) in the vicinity of internal combustion engines. The power range is usually within 1 to 5 kW, extending sometimes up to 50 kW, using a high voltage DC bus (HVDC) that is usually comprised between 200 V and 600 V. For aeronautical applications, GaN power switches could challenge SiC transistors for their high switching speed, hence reduced switching losses, therefore lower embarked mass. For automotive applications, it is the relative promise for lower cost per Amp that is pushing this technology up. This is why a project joining GaN device conception, power module development and gate driver optimization using high temperature technologies was set-up. This paper presents the first practical results: a functional GaN power inverter-leg driven by a specific high temperature gate driver with signal and power insulation. This building block requires an auxiliary DC supply with a input voltage of 14 V or 28 V and an external PWM control signal. Current rating is 20 A and breakdown voltage is 200 V.
Introduction
The trend of electrification in Aerospace applications requires both high temperature and high frequency operation to achieve high power density for the future power converters. This implies that power modules in such converters need to operate at very high ambient temperatures, e.g. 200-250°C, package parasitics must be as low as possible, switching frequencies are in the 20kHz to 200kHz range. Moreover, the GaN technology has emerged as promising for high frequency, high efficiency and high density power conversion due to a better figure of merit [1] [2] [3] [4] .than comparable Si and SiC transistors. A progressively larger number of GaN devices have been manufactured for a large field of applications from low power voltage regulators to high power infrastructure base-stations. The switching frequency has been continuously increased to reduce passive component size and to increase power density. The work presented in this paper aims to deliver a functional prototype of driver and power supply for a power module implementing normally-on High electron Mobility GaN Transistors (HEMT) in high temperature environment. The normally-on issue of power switches is not dealt with in this paper, previous work on SiC normally-on transistors have addressed this [5] [6] [7] [8] [9] [10] . 
Prototype GaN Module
The GaN transistors come from the first run of HEMT devices provided by CEA-LETI laboratory, France. These test vehicles have been used to validate the process technique and to push forward experimental work on GaN. The Power Inverter Module specifications are summarized in Table 1 This power module is built with 200 V -20 A -30 mOhms GaN HEMT from CEA-LETI and 1200 V -50 A SiC Schottky diode (ref: 5SLY12E1200-5YA-1681-00 from ABB). Direct-bonded-copper technology (DBC) is used and GaN dies are brazed using a 63Sn/37Pb alloy.
Static characterizations
The scope of this paper is to provide guidance to design engineers and to assess the progress made on our project. Precise characterization of the HEMT static behavior is not addressed here, one practical reason is that the components used are the firsts to be tested on a program where improvements are made for each run of devices. More, for the power converter designer or the application engineer, power switches are firstly described by their gate threshold voltage,Vth, and by the on-resistance, RdsON, (static parameters), then by their switching speed and losses (dynamic parameters). The threshold voltage is an input for the gate drive circuit and the on-resistance permits to evaluate the voltage drop across the conducting switch, hence calculate the conduction losses. Firstly, the module is characterized under various temperatures up to 200°C. Figure 3 and figure 4 show the temperaturedependence of static characteristics (Vth and RdsON). During the test, the module's substrate temperature is monitored with an external thermocouple, and is regulated by a hotplate. The test is set so that there is no significant self-heating, so the substrate's temperature is very close to the chip temperature. The threshold voltage is determined using two different techniques : first a standard transconductance curve is plotted and the threshold voltage is extracted, secondly, during the inverter leg switching operation, the value of the gate voltage during the transients (also known as the Miller plateau) permits to determine the threshold voltage. Both techniques provided the same values. Finally, the temperature dependency of Vth is plotted in figure 3 . On the temperature range, the threshold voltage temperature dependency is almost linear and is −10 mV/°C. The second parameter is the onresistance, it is measured using a 1 A current pulse and measuring the voltage drop. 
Switching characterizations
The switching test provides useful information on the module such as the influence of parasitic elements, switching speed or power losses. However, switching power losses measurements would not be relevant because the Power Module Package was not optimized for switching losses reduction. The internal assembly uses wire bonding and simple metal frame to make the electrical connections, introducing an important stray inductance in the power path that impacts the switching behavior. However, the gate charge specification is a key parameter for the gate driver designer as it sets the power consumption of the gate driver for a given operating frequency. For this test the module is driven by a -6 V gate voltage and a 2 Ohms gate resistor. The measured gate voltage turn-On and turn-Off in figure 5, show the energy necessary to bias the HEMT gate. It is also an experimental technique to determine a mean value of the gate capacitance, a parameter used to design the gate driver. With this HEMT module, the measured mean gate capacitance value is 1 nF.
Gate driver for GaN devices 2.1 Specifications
The specifications for the driver are partially set by the gate properties of the GaN transistors, especially the threshold voltage. The comes power consumption, board space, etc. We have chosen to use commercially available circuits and engineering samples for our project. There are several suppliers of commercial high temperature integrated circuits, one of them is situated near our laboratory, X-Relsemi, http: //www.x-relsemi.com/. The isolated gate driver is implemented with a XTR40011 transceiver and a XTR26011 driver. The baseline driver design implements ferrite cores from Ferroxcube (TC 6/4/2) ensure the data signal insulation. An improvement to increase the driver density is to replace those cores by coreless transformers, [11] . Characteristics of the driver are summarized in table 2. The XTR26011 offers the possibility to imple- ment different protections. The Under-Voltage-LockOut (UVLO) of the driver IC has been set to -5.5 V, because this is just over to the threshold voltage of the HEMTs at 200°C. The short-circuit protection, called DESAT, has been adjusted for a drain to source voltage of about 3V, this value is chosen according to the application and thermal limits. An interesting function specific to GaN devices is implemented, a gate circuit protection : in case of a gate to source short circuit, the driver decrease the output current and a flag turnsoff. This functionality, coupled with current regulation of the power gate supply, gives a safe system against over-current and overshoot voltage. Nevertheless, the system designer has take into account the failure of the power device, but the gate driver board remains safe.
Insulated Power supply
Flyback converters are used in power supplies requiring low to medium output power at several output voltages. Due to the high costs of high-temperature components, the flyback converter has the advantage to require a low number of components. In figure 7 , the inductance of the input filter and the nanocrystalline transformer (two clear disks on the picture) are the largest components. They are both packaged using PEEK to withstand high temperature operation.
Moreover, we use NPO series ceramic capacitor from SRT-Ceramique, http://www.srt-mc.com/, for the input-filter. Figure 8 shows the output voltage variation and duty-cycle variation vs. current output at ambient temperature. The quasi-regulation of the output voltage reaches less than ±8% accuracy. We can observe that the PWM controller adjusts correctly the dutycycle ratio for different load change. In figure 9 , a high-temperature test is made at the nominal output current, (200mA), up to 200°C to plot the flyback output voltage variations. The performance is mainly determined by the PWM controller using the feedback loop. The test on the flyback converter shows an output voltage variation of about +1.8% in the temperature range, which is within the specifications for the gate drive. 
Gate Driver Voltage Regulation
The HEMT gate might be damaged by over-voltages, this is why the tolerance on the gate voltage is set to 5%. The quasi-regulation implemented in the flyback converter has some drawbacks like a poor opal regulation. A post-regulation has been added to improve the voltage stability of the driver supply and to control tightly the gate voltage. A voltage linear regulator is proposed by X-Relsemi (ref. XTR75011) providing a 1% tolerance. However, the maximum regulated current is 50 mA. So, in order to increase the output current up to the specifications (200 mA), a common current booster circuit, as depicted in figure 10 , is implemented. The principle is simple : a series resistor (R1) is placed at the input of the integrated voltage regulator. As the output current increases, the voltage drop across the resistor increases. This voltage drives an external P-MOSFET (M1) so that, when the gate threshold is reached, the transistor diverts as much current as needed to keep the voltage drop in the series resistor close to the gate threshold voltage. In that way, the voltage regulator integrated circuit (XTR75011) is operated at a constant current and the MOSFET supplies any value of current higher than that constant current. Note that this solution boosts the output current capability of the voltage regulator chip but does not provide any significant extension of the input voltage handling. To reach temperatures up to 200°C, this transistor must also be a high temperature device. The XTR2N0525, a P-MOSFET from X-Relsemi, has been chosen. put current range of 0 mA to 800 mA, well over the specified 200 mA. The voltage variation is 0.5%, well within the specifications. To conclude with, the post-regulation proposed in this section permits to reach the gate driver supply specifications up to 200°C.
Insulation of control signals
Control signals sets the power module switches's states. This on/off digital signal comes from some sort of controller, at low voltages and has to be converted and applied to the gates of the power switches. In an inverter leg, such as the one implemented in the module, insulation is mandatory due to high voltages and separated voltage references. Engineers and scientists have produced a huge variety of solutions ranging from transformers to optical links systems. Recent advances have brought to industrial levels the coreless technology for the insulation of control signals in an integrated driver chip. However, there is an interest in developing a discrete coreless transformer, especially to extend the temperature range above 175°C.
Coreless technology
Coreless transformers are processed using Integrated Passive Device technology (IPD) from STMicroelectronics. It consists of a glass wafer onto which two layers of copper are placed, insulated by a specific resin. It should be noted that the resin is a broad band-sensitive photopolymer named B-staged bisbenzocyclobutene (BCB). It is intended to be used as a dielectric material in thin film microelectronics applications. This polymer was not specially developed for high temperature applications, however the process of reticulation that happens during the initial curing process leads to believe that an extension of the usual temperature limit (125°C to 175°C) is achievable. A preliminary endurance test at 200°C is presented further down in this paper. Note that the windings are made of copper and are built using two layers of metal. The primary winding and the secondary winding are etched on the same metal level, while the second metal level is used to "bring back" the extremum of the coil from the center of the device to the side of the chip. For some applications it is necessary to have the contact pads at the corner of the chip, for improved insulation in the package for example. This implementation is called "single layer" transformer and is noted "TRS". It was chosen over a double layer structure because the parasitic capacitance is less. In the double layer structure, an additional capacitance is introduced by the coils facing each other to form a planar capacitor. In [13] , the authors describe the design of the coreless transformers and describe the equivalent model.
Signal transmission through coreless transformers
A demo board supplied by X-Relsemi was used to test the coreless transformers. The original Ferroxcube cores are replaced by the coreless transformers.
In figure 14 one can observe the input PWM signal, the output of the transceiver modulation, the output of the coreless transformer and finally the demodulated PWM signal. The transmission delay is impacted by the modulation/demodulation technique. The experimental date gives a mean delay od 300 ns. Conclusion. The coreless transformers are compatible with the X-Relsemi circuits.
Coreless transformers at 200°C
In a previous paper, [13] endurance tests on the coreless chip had been performed at 200°C and an important degradation was observed. It was caused by oxydation of the insulation layer as no specific coating was used. In recent tests, the coreless chips have been coated with Parylene and the preliminary results are presented in figure 15 . The parameter used to es- Figure 15 : Relative capacitance evolution with in blue, the preliminary endurance test without Parylene, in orange the test with coated Parylene. The measurement error is estimated to be less than 5%, which corresponds to the height of the symbols used in the diagram.
timate the ageing is the parasitic capacitance between the primary and the secondary windings of the coreless transformer. It can be observed that for coated transformer, there is no significant degradation. A preliminary conclusion is that the proposed coreless transformers withstand a temperature of 200°C.
3 First experimental results of the power module with the gate driver and power supply
The GaN HEMT power module is connected to the gate driver powered by the flyback converter with post regulation. At the time of writing, the module has not been tested on the full stated power range (200V, 20A) partly because of packaging issues and also because we are experimenting on a single sample. We have used a derating of 40% for the switched current (12A) to circumvent a thermal path flaw in the experimental package. The voltage derating is 70% to take into account overshoots. This value is acceptable in comparison to industrial deratings in the order of 50% to 60% for commercial power switching components. The first experimental results validate the system functions and shows some limits of the power module packaging. Figures 17 and 18 Because the HEMT is a charge controlled device, that is, the driver must supply the gate a fixed quantity of electric charge in order to bias the device, the gate resistor impacts the switching speed. This effect is plotted in figure 16 . A maximum 2.4 kV/us dV/dt was observed during this test. It is very to low to what was expected (around 38 kV/us [11] ), this explains by the not optimized packaging of the GaN inverter leg that impacts particularly the gate inductance and the built-in gate resistor of the driver (1.2 Ohms).
At the time of writing, generation 2 of GaN HEMT are produced and a new package is being designed. 
Conclusion
This paper presents a functional GaN power inverterleg module driven by a specific high temperature gate driver with signal and power insulation. Packaging materials and active components are selected and tested to work up to 200°C. The signal insulation was realized using a coreless transformer and gives good results. It is further pointed out that, due to the large stray inductances from the power terminals and from the gate terminals the expected switching speed was not met. This paper is thought to stimulate further experiments and serve as a start study for GaN high temperature power applications.
